We experienced a case of sudden onset of hyperkalemia during liver lobectomy and this was followed by ventricular tachycardia and cardiac arrest. The main cause of this fatality is assumed to be the wide range of surgical manipulation that induced reduced hepatic blood flow and ischemic necrosis of the hepatic cells. We report here on this case and we review the relevant medical literature. (Korean J Anesthesiol 2010; 59: S124-S127) Key Words: Hyperkalemia, Liver, Lobectomy. 
Hyperkalemia has always been a problem when performing liver surgery and especially during liver transplantation. Acute hyperkalemia during liver surgery is correlated with revascularization and metabolic acidosis due to an insufficient cardiac output during the anhepatic phase [1] . Of course, other causes like excessive release of intracellular potassium can occur with tissue injury or necrosis, for example, in patients with rhabdomyolysis, tumor lysis and severe burns [2] . Yet abrupt hyperkalemia after performing a wide-range liver lobectomy has not been previously reported.
We report here on the case of a 52-year-old male who underwent liver lobectomy for hepatocellular carcinoma. A sudden onset of hyperkalemia occurred during surgery, followed by ventricular tachycardia and cardiac arrest.
Case Report
A 52-year-old, 65 kg, 162 cm tall male patient was admitted for hepatoma. The patient was diagnosed as having hypertension and symptomatic ventricular premature complex and he was treated with a β-blocker and an angiotensin receptor blocker. The patient had been diagnosed with chronic renal failure two years previously and he had undergone transarterial chemoembolization (TACE) for hepatocellular carcinoma two months before the present admission. A preoperative blood test showed no hyperkalemia: the Na + level was 44 mM/L, the K + level was 4.6 mM/L, the BUN level was 29.8 mg/dl and the creatinine level was 10.4 mg/dl. His electrocardiogram (ECG) showed normal sinus rhythm. Anesthesia was induced with 100 mg of propofol and 50 mg of rocuronium, and then 1.5-2 vol% sevoflurane was used for anesthetic maintenance. Remifentanil at 0.4-1 μg/kg/min was continuously infused intravenously. To measure the continuous arterial pressure, a 20 gauge catheter was inserted into the right radial artery, and a 7 Fr catheter was inserted into the right internal jugular vein for measuring the central venous pressure.
After the surgery began, the arterial blood gas analysis and the level of electrolytes were checked every two hours. The results of the arterial blood gas analysis performed at the beginning of surgery showed no hyperkalemia (Table 1) .
Neither a specific inotropic drug nor a vasoconstrictor was needed to maintain a systolic blood pressure of 150-90 mmHg and a diastolic blood pressure of 86-51 mmHg until the fourth hour of surgery. Thereafter, phenylephrine at 1-1.5 μg/kg/min was continuously infused to maintain a mean blood pressure above 60 mmHg. At the fifth hour of surgery, arterial blood gas analysis showed a K + level of 4.89 mM, which was in the upper normal range, so additional treatment was not performed (Table 1) . In surgical field, portal triad clampings were done before resecting each segment in order to confirm the resection margin. At 6.5 hours of surgery, a sudden decrease in arterial blood pressure was observed. The curvature of the radial artery diminished and the arterial blood pressure was 80/60 mmHg. At that time, trisegmentectomy had been completed, so the surgeon had begun suturing the muscle layer. No compression of the artery or vein was observed and the central venous pressure was 10 mmHg, which indicated there was no hypovolemic status. The phenylephrine infusion was increased to 2 μg/kg/min. QRS widening without a switching tall T wave was observed in the ECG, so an immediate arterial gas analysis was performed. No acidosis was observed, but the K + level was 6.44 mM. Since hemolysis of the blood sample was possible, an arterial gas analysis was conducted again after ten minutes, and the result showed that K + level had increased to 6.65 mM (Table   1 ). Calcium chloride (600 mg) was infused for several minutes and magnesium sulfate (2 mg) replacement was started for correcting the magnesium deficiency. As additional treatment was about to begin, a sudden onset of ventricular tachycardia was noted on the ECG. The surgeon began chest compression and defibrillation at 200 J was performed twice. The cardiac arrest was thought to be due to hyperkalemia; therefore twenty units of insulin and 100 ml of 50% dextrose solution were mixed and infused continuously while 120 mg of sodium bicarbonate was being injected as well. One mg of epinephrine was administered repeatedly before performing defibrillation using 360 J. At 35 minutes after the initiation of cardiopulmonary resuscitation, a sinus rhythm on ECG and a systolic blood pressure of 70 mmHg were observed for five minutes and the total administered epinephrine was 41 mg. Nevertheless, the ventricular fibrillation continued. Due to the lack of a response to 100 mg injected lidocaine, an amiodarone infusion was started. After applying percutaneous extracorporeal support using the right femoral vein, the ECG and blood pressure appeared to stabilize, and the patient was transferred to the intensive care unit. Over 10 hours and 50 minutes of surgery, two units of packed red blood cells and 6,680 ml of crystalloid solution were administered. The total amount of urine was 710 ml, and 1,200 ml of blood was lost during the surgery.
Tests conducted one hour after resuscitation showed signs of liver damage with the laboratory results of AST/ALT: 255/156 IU/L, Na + : 152.5 mM and K + : 3.13 mM ( Table 2 ). The bedside transthoracic echocardiography performed in the intensive care unit showed an inadequate volume in the ventricular chamber. The patient suffered multi-organ failure under anuria conditions, and the unstable vital signs continued despite the application of percutaneous extracorporeal cardiopulmonary support. Eight hours after his arrival in the intensive care unit, the patient suffered another cardiac arrest. After the administration of atropine and epinephrine, the sinus rhythm returned briefly, but the pulse rate dropped to lower than 40/ deficiency and muscle necrosis [3] . One report indicated that hyper kalemia developed in a case with extensive muscle dissection [4] . For the patient in this case, transfusion of two units of packed red blood cells and the patient's chronic renal insufficiency might have been the contributing risk factors for the hyperkalemia. However, a sudden 2.0 mM increase of K + can not be explained by these factors alone. Also, hemolysis was not likely to be the cause for the hyperkalemia since the transfused packed red cells had been stored in the refrigerator for only 20 days [5] . Hyperkalemia during liver surgery often occurs in the preanhepatic phase, and this causes reperfusion syndrome [6] . Radiofrequency heat conduction to hepatic cells or TACE may lead to tumor lysis syndrome. In such cases, hyperkalemia and fatal cardiac arrest may result [7, 8] . However, although acute tumor lysis syndrome is relatively common in hematological tumors such as Burkitt's lymphoma or acute lymphatic lymphoma, it is very rarely a complication during the treatment of solid organ tumors. Single organ tumors are generally resistant to cytotoxic therapies [9] .
The patient in this case study underwent TACE twice two months before the surgery. Hepatic cellular damage might have caused by one of the TACE procedures performed prior to the surgery discussed in this paper, as well being caused by the hepatic cellular ischemia due to hepatic arterial ligature during surgery. Hepatic damage and compression by surgical manipulations might cause K + to be released from the hepatic cells [10] . During liver lobectomy, the hepatic artery or portal vein is blocked to reduce hemorrhage. Animal studies have shown that hyperkalemia can be caused by blocking the hepatic blood flow [11] , and possibly because K + is released from ischemic hepatic cells. Distortion of the hepatic lobes and manipulation of the liver may decrease the hepatic blood flow. K + release resulting from ischemia may have a great effect on the plasma K + levels [12] . In the case presented here, the patient underwent right lobectomy, caudate lobectomy and left wedge resection (S2/3). Severe ischemic necrosis of the remnant hepatic cells might have occurred.
In this case report, the increase of K + one hour after surgery might explain the level of the hepatic parenchyma ischemia. The patient had chronic renal failure and he was receiving no specific treatment, and the preoperative test showed that the electrolytes were in the upper normal range. The potassium released into the plasma from necrotized hepatic cells in patients with renal function failure or acidosis decreases the regulatory function [13] , and extrarenal K + homeostasis is recognized as the primary mechanism for preventing the development of hyperkalemia. Patients with chronic renal failure, such as the patient in this case report, might not be able to tolerate hyperkalemia. Many cases had reported that hyperkalemia and the distensibility findings do not coincide [11] . Nevertheless, distensibility is used as the primary index for managing hyperkalemia in all patients, including those with chronic renal failure. Thus, both ECG and K + measurements immediately before surgery are recommended for the preoperative assessment of patients.
The patient in this case study had received a β-blocker and an angiotensin receptor blocker for symptomatic ventricular premature complex. The patients who receive angiotensinconverting enzyme inhibitors show no response to rennin or aldosterone stimuli [14] . According to the final analysis, since the patient in this case received an angiotensin receptor blocker, this might have been the underlying defect responsible for the hyperkalemia through an effect on potassium homeostasis.
As shown in this case report, a wide range of surgical manipulations may cause reduced hepatic blood flow and ischemic necrosis of hepatic cells during liver surgery, and all this may lead to unanticipated hyperkalemia. In cases of renal failure, the aggravation of the hyperkalemic condition may suddenly occur. Thus, anesthesiologists should be sensitive to the hematological monitoring and electrolyte abnormalities in these susceptible patients.
